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This study explores augmentation of the decelerative forces experienced during Mars
entry through a flow control approach which increases aerodynamic drag, based on SRP
jet manipulation of the bow shock. We develop analytic drag models based upon attainable
shock physics seen in high-fidelity simulations of SRP jets. These flow models use SRP jets
to recover shock losses normally associated with the strong high-Mach number bow shock
on the entry vehicle. Partial recovery of stagnation pressure allows for significant decelera-
tion at comparatively high altitudes without the burden of increased fuel mass, increasing
both the mass of deliverable payloads and the payload mass fraction. To quantify achiev-
able benefits, an analytical study determines the maximum possible drag coefficients for
cascading shock structures (oblique shocks followed by a normal shock) at γ values ranging
from 1.2 to 1.4. A trajectory study then quantifies the potential gains in drag during entry,
along with estimates of total vehicle mass and payload mass fraction, revealing a tremen-
dous potential for aerodynamic drag which is substantial even if only a modicum of the
stagnation pressure losses can be recovered through SRP flow control. Finally, a strategy
is introduced for exploiting the vast, untapped drag potential afforded via this technique.
Based on these augmented drag potential values, the study establishes this nascent SRP-
based flow control concept as a technology capable of satisfying the decelerative exigency
of high-mass Mars entry scenarios.

Nomenclature

B : bow shock (baseline) m : mass
CA : axial force coefficient N : normal shock
CD : drag coefficient O oblique shock
CP : coefficient of pressure O-N : oblique-normal shock cascade
CT : thrust coefficient P, p : pressure
D : drag q : dynamic pressure
F : force r : distance from planet center
F : function rMars : radius of Mars
g : acceleration of gravity S : area
L : lift T : thrust
M : Mach number t : time

V : speed
ABBREVIATIONS
CFD : computational fluid dynamics JI : jet interaction
DOF : degrees of freedom MPF : Mars Pathfinder
DGB : disk-gap-band PMF : payload mass fraction
EDL : entry, descent, and landing SRP : supersonic retropropulsion
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GREEK SYMBOLS SUBSCRIPTS
β : oblique shock wave angle aug : augmentation
Γ : flight path angle blend : averaged cascade case
γ : specific heat ratio eff : effective
δ : inclination to freestream max : maximum
ζ : longitude n : normal
θ : flow deflection angle o : stagnation
µ : standard gravitational parameter ref : reference
ρ : density t : tangential
φ : latitude x : axial
ψ : heading angle ∞ : freestream
ω : planetary angular rotation rate

I. Introduction

With sample-return and manned missions on the horizon for Mars exploration, the ability to decelerate
high-mass systems upon arrival at a planet’s surface has become a research priority. Mars’ thin atmo-

sphere necessitates the use of entry, descent, and landing (EDL) systems to aid in deceleration to sufficiently
low terminal descent velocities.1,2 Although all of NASA’s Mars missions to date have utilized an EDL sys-
tem based around the supersonic disk-gap-band (DGB) parachute first designed for the 1976 Viking missions,
the limits of this heritage technology are being challenged by advancing mission requirements. As compared
to the approximately 1-ton landed payload mass capability of the upcoming MSL mission (incorporating
state-of-the-art but still incremental improvements to the Viking entry system architecture), manned mis-
sions to Mars could demand payloads of 40-100 metric tons.3 Supersonic retropropulsion (SRP), the use
of propulsive deceleration during the supersonic portion of entry (Figure 1), is currently being developed
through the NASA Enabling Technology Development & Demonstration (ETDD) Program as a candidate
enabling EDL technology for future high-mass Mars missions.4

A. Previous Work

Viking Orbiter Raw Image Archive
Figure 1. Illustration of SRP for atmo-
spheric deceleration.

The use of retropropulsive jets in a supersonic freestream as a
means of atmospheric deceleration is a relatively new field. Pro-
posed in several early works,5–9 the concept resurfaced in re-
sponse to the recent challenge of high-mass delivery in Mars’ low-
density atmosphere.1–3,10,11 A NASA study commissioned in 2008
(Ref. 12) identified eight Exploration-classa EDL architectures,
four of which incorporate SRP, renewing interest in and triggering
the latest SRP research. This recent exploratory work includes
but is not limited to4

• Wind tunnel testing13–16 for CFD simulation and model de-
velopment

• Validation of preliminary CFD solutions (both inviscid17,18

and viscous14–16,18–23) anchored to existing experimental
data (both new and historic8,24–26)

• Parametric CFD studies examining the SRP design space27

Prior to the recent flurry of work on SRP as a decelerative mechanism, the majority of research (overview
given in Reference 28) on “counterflowing”, “opposing”, and “retro” jets in a supersonic freestream was per-
formed to study drag reduction and concentrated on an aerospike-like29 central, single-nozzle configuration.

a10-50 metric tons of landed payload.
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Figure 2. Thrust and drag
forces contribute to the total ax-
ial force, serving to decelerate
the vehicle.

The most relevant historical data for the SRP community was gathered
from the experiments reporting non-zero drag values, considering that the
sum of thrust and drag forces on the entry vehicle are what determine the
total axial force (Fig. 2) and thus the vehicle’s deceleration,

CA = CT + CD (1)

Experimental observations made in the 1960’s and early 1970’s by
Jarvinen and Adams,8,24 Keyes and Hefner,7 and Peterson and McKen-
zie6 suggest that some multiple-nozzle configurations at certain conditions
are capable of preserving the inherent bow shock drag, in addition to pro-
viding deceleration from thrust, thus giving some additional retroforce.
Figure 3 demonstrates the drag trends established in Ref. 8, showing de-
grees of drag preservation at CT values less than 3 for the peripheral noz-
zle configuration, and negligible drag for all CT conditions for the central
nozzle configuration, where CT is defined as

CT =
T

q∞Sref
(2)

Note that the maximum demonstrated CD values in Figure 3 are that of the baseline (thrust off, CT = 0)
case.
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Figure 3. (a) Axial force as a function of thrust coefficient for central and peripheral nozzle SRP configurations.
Experimental values and trend lines were lifted from Figures 55 and 56 of Ref. 24 and represent Mach 2
conditions at α = 0◦. (b) Overlaid red line indicates values at which CA = CT , meaning that the entire axial
force is due to thrust alone and drag is zero. Blue line indicates 100% preservation of the native bow shock
drag (SRP-off) in addition to the thrust force.

A number of recent systems-level studies examine landed payload mass values attainable using SRP for
deceleration during atmospheric descent. A few of the earlier works assumed full drag preservation (the blue
line in Figure 3) by adding a constant CD value, the vehicle’s supersonic drag coefficient, to the CT value
during the SRP burn phase of the trajectory.30,31 References 12, 32, and 33 used a conservative no-drag
model (the red line in Figure 3), using only the thrust force for deceleration during the SRP burn. Other
studies account for drag preservation, utilizing a low-fidelity aerodynamic model based on the Jarvinen and
Adams peripheral configuration results of Figure 3 (the points falling between the red and blue lines).34–37

In these latter studies, the thrust force was supplemented with a percentage of the baseline drag force when
thrust levels were such that CT < 3. Several of these works also included a sensitivity study examining the
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effect of the drag preservation value on the amount of SRP propellant mass needed; these studies focused
only on low drag levels (from zero drag up to the baseline drag level in Ref. 37 and a 10% increase in Ref. 38)
resulting in only a 5% increase in payload mass fraction in the first case, and less than 0.3% decrease in entry
massb in the second. Korzun and Braun (Ref. 35) perform a more extensive study in which drag preservation
values are varied up to 200%, resulting in less than a 6% decrease in required propellant mass fraction.

Across the board, these studies demonstrated that SRP-based architectures performed poorly with respect
to competing architecture technologies.32,36,39 By requiring extremely high propellant mass fractions, EDL
systems with an SRP phase experienced substantially eroded payload mass fractions (on the order of 30%
PMF). In addition, the studies which utilized the fractional drag preservation model (Refs. 35 and 36)
concluded that SRP benefits very little from the impact of drag preservation and that modeling a zero drag
SRP burn (relying completely on thrust for deceleration) is adequate for future work.

Based on some of these systems-level studies and the low-drag trends demonstrated in the early ex-
perimental SRP work (embodied by Fig. 3), the current SRP project is moving towards a framework in
which thrust (CT in Eq. 1) is the dominant contribution to deceleration.4 This paper focuses on an alter-
native SRP-based approach to the substantial deceleration required for human Mars exploration - rather
than emphasize the thrust, we concentrate on augmenting the aerodynamic drag on the entry body (CD
in Eq. 1) using favorable interactions from the SRP jets. Note that in the studies discussed above, 100%
drag “preservation” constitutes maintaining only the native aerodynamic drag of a thrust-off configuration
(drag inherent in bow shock physics). The focus of this paper is drag augmentation, or increasing the drag
coefficient value above that baseline level (above the blue line in Fig. 3). Introduced in Ref. 27, percentage
CD augmentation is defined in this work as

CDaug =
CD − CD,ref

CD,ref
x 100% (3)

where the reference CD value is the drag coefficient experienced with thrust off (CT = 0) at the same
windspace conditions. With this definition, elimination of all drag results in CDaug = −100%, preserving
100% of the baseline drag (100% drag preservation) gives CDaug = 0%, and doubling the baseline SRP-off
drag gives CDaug = 100%.

It is axiomatic that any increase in deceleration through drag reduces the thrust requirements of SRP,
saving propellant mass and increasing payload mass; the remainder of the study assumes full reliance on the
drag force for deceleration.

B. Drag Augmentation Model

In Reference 27, we introduced a novel mechanism for significant drag augmentation through favorable jet
interaction (JI) in SRP flows. The flow model describing the drag augmentation mechanism, shown in
Figure 4, relies on shock manipulation of the capsule’s bow shock. The bow shock is a key decelerative
physical mechanism due to the post-shock pressure increase; however, stagnation losses through this shock
also severely reduce the maximum recoverable pressure on the body, thus drastically limiting the potential
for producing large amounts of drag. For example, in γ = 1.4 conditions at M∞ = 6, the stagnation pressure
behind a normal shock has decreased to less than 3% of its initial value (Po,N/Po1 = 0.02965), implying
that the maximum recoverable pressure has dropped by 97%. Recognizing this, the current study seeks to
exploit the available reservoir of potential drag by altering the flow physics of the system through the use of
retropropulsive jets as oblique shock generators.

As described in Reference 27, supersonic plumes behave in a manner similar to “hard” geometry. As the
plume penetrates the supersonic freestream, a bow shock system forms about the effective body, wrapping
around the jet plume as seen in Figure 4a. The skirt of this plume-shock is oblique to the oncoming flow,
and freestream flow passing through the oblique section is compressed without experiencing the massive
stagnation pressure losses of an entry-velocity normal shock (Po2,O > Po2,N ).

In this way, portions of the capsule face surface can be protected from stagnation pressure losses by the
oblique shock skirts of the plume-shocks. Moreover, interaction regions between adjacent plume-shock skirts
lead to oblique shock-shock interactions (Figure 4b), further decelerating the oncoming flow and raising the
pressure incrementally through cascading oblique shock compressions. This incremental flow deceleration

bThe first study (Ref. 37) keeps mass at atmospheric entry constant and allows propellant and payload masses to change
while the second (Ref. 38) fixes payload mass and optimizes for minimum entry mass.
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Figure 4. Flow model for drag augmentation. a) Diagram showing plume-shocks resulting from retro-plumes
(not pictured). Solid lines indicate shock-shock interactions, including oblique interactions between adjacent
plume-shock skirts. b) A two-dimensional diagram representing a slice through adjacent plume-shock skirts
showing the interaction between two plume skirt-shocks (indicated by dotted lines in (a)). The resulting
stagnation pressure Po3,O-O is contrasted with c) the stagnation pressure behind a bow shock Po,B.

technique allows significant preservation of freestream stagnation pressure, enabling higher surface pressures
and, ultimately, drag augmentation, as seen in Figure 5.

This paper offers a preliminary quantification of the potential benefits of shock manipulation via SRP
jets. Through an analytic study of attainable pressures by way of different shock structures, we determine
maximum drag coefficient values possible with this method of SRP-based flow control. Utilizing these CD
profiles, a trajectory study gives bounds on drag values and allows estimation of maximum payload masses,
establishing the feasibility of flow control via SRP as a Mars EDL technology.
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Figure 5. Three-dimensional representation of the plume-shocks (gray) wrapping around each jet (orange), the
pressure on a diagonal cutting-plane intersecting two adjacent nozzles, and an axial view showing the surface
pressure coefficient with a yellow “X” overpressure pattern due to shock-shock interactions of the plume-shock
skirts (results from the parametric study in Ref. 27).

5 of 28

8th International Planetary Probe Workshop, June 6-10, 2011, Portsmouth, Virginia



II. Approach and Validation

Preliminary studies have proven the potential for drag augmentation from shock manipulation upwind of
an entry capsule, however the feasible extent of these augmentation levels is an unknown. This work seeks
to establish realistic upper bounds for CD and drag based on flow control via SRP jets.

In the following analysis, we relate CD simply and directly to a nominal pressure value and study the
drag potential offered by different shock structures solely by concentrating on post-shock flow pressures. The
simplest shock structure analyzed in this work is the flow through a normal shock, which serves as a starting
point for a bow shock approximation. We then concentrate on the drag potential of different shock cascades
in which the freestream flow traverses multiple shocks. Figure 4b illustrates how SRP jets can produce these
oblique shock cascade, and Figure 5 shows results of numerical studies on a simple jet configurations which
produced this jet interaction mechanism for real SRP flow.27 More complex jet geometries could result in
extensive shock cascade structures.

Section IIA notes the assumptions made to complete the analytic CD study and describes the method
and terminology, and Section IIB provides validation of this analytic method against experimental and CFD
data.

A. Analytical Method and Assumptions

To compare the drag benefits of different shock structures, we require a simplified CD model based solely on
post-shock pressures. Starting with the drag definition

D =
∫
p dSx (4)

where Sx is the projection of the local area normal in the streamwise direction, and taking pfront and pback
to be the mean pressures on the front and back faces of the geometry,

D = pfrontSfront,x − pbackSback,x (5)

Using the standard definition of CD,

CD =
D

q∞Sref
(6)

and taking reference area to be the projected area, Sref = Sfront,x = Sback,x gives

CD =
pfront − pback

q∞
(7)

A vacuum on the back face (pback = 0) results in the highest pressure differential and thus largest drag
on the body, but at the atmospheric conditions being considered, pressure is so low that an assump-
tion of pback = p∞ is both suitable and more conservative. This substitution allows the approximation

Pfront Pbacksh
oc

k 

str
uc

tur
eP∞

post-shock 
pressure, p

freestream
pressure

Figure 6. Mean pressure on the front face
is evaluated as the final flow pressure subse-
quent to shock processing.

CD u
pfront − p∞

q∞
(8)

Recalling the pressure coefficient definition

CP =
p− p∞
q∞

(9)

we note that the right-hand side of Equation 8 gives exactly
CP,front, a CP value based on the mean pressure on the front
face of the geometry. In this way, the drag coefficient can now
be evaluated simply through computing a representative face
pressure. In our estimations of drag coefficient based on various
structures, we assume that all flow prior to the geometry has traversed through the same shock structure
and yields a constant pressure on the front face (Fig. 6), allowing us to use the post-shock pressures for
pfront in Equation 8, or more simply

CD = CP =
p− p∞
q∞

=
p− p∞

1
2γp∞M

2
∞

=
p
p∞
− 1

1
2γM

2
∞

(10)
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Here, p is the post-shock pressure and a useful surrogate for the mean pressure on the capsule face (Fig. 6).
The drag coefficient for each SRP shock structure in the study can now be computed with Equation 10,

where the pressure ratio p
p∞

is that of the entire shock structure. As discussed in Section IB, the stagnation
pressure behind a high-Mach normal shock (“N”) is insubstantial and results in limited drag values, but this
loss can be mitigated by adding an oblique shock (“O”) prior to the normal shock, creating a shock cascade
(“O-N”). Increasingly complex shock cascades are analyzed, each terminating in a normal shock and thus
guaranteeing subsonic flow at the surface. For each cascade shock structure, the ratio p

p∞
takes into account

processing by all shocks.
Both stagnation and static post-shock pressures are used in the analysis, and the resulting drag coefficients

are denoted as CDo and CD, respectively, where

CDo = CPo =
po
p∞
− 1

1
2γM

2
∞

(11)

and

CD = CP =
p
p∞
− 1

1
2γM

2
∞

(12)

The freestream stagnation pressure, representing the absolute maximum recoverable pressure, establishes
an absolute drag limit. Thus, the actual reported maximum drag coefficient values will all be based on the
CDo calculated behind each shock structure. Figure 7 illustrates the cascade terminology used throughout
the work.

S1

Shock Structure Abbreviation
P∞ post-shock 1 post-shock 2 post-shock 3 drag coefficient

static stagnation static stagnation static stagnation static stagnation static stagnation

B P1 Po1 PB PoB CD,B CDo,B

N P1 Po1 P2,N Po2,N CD2,N CDo2,N

O-N P1 Po1 P2,O Po2,O P3,O-N Po3,O-N CD3,O-N CDo3,O-N

O-O-N P1 Po1 P2,O Po2,O P3,O-O Po3,O-O P4,O-O-N Po4,O-O-N CD4,O-O-N CDo4,O-O-N

S1

S1

S1

S2

S2 S3

shock terminology

. . .. . 
.

P2

P3

P4

P1

P1

P1

O

OO N

N

N

P2
B

P1

Figure 7. Shock structure terminology for multiple shock (S) structures. Stagnation drag coefficients, CDo,
represent the maximum drag coefficient values. Pblend, not listed here, represents an average of the N, O-N,
and O-O-N cases (Eqn. 27).

B. Validation of the Analytical Model

Figure 8. Cart3D mesh and solution
for Viking aeroshell at Mach 4.0, γ 1.4,
and α = 0◦.

To validate the analytical model, we compare analytic estimates of
CD with both computational and experimental results of blunt body
flows decelerated by a bow shock. The experimental values taken
from Ref. 40 represent CD on the front face of a blunt-face object
and a flat-faced short body in supersonic flow.40 Numerical results
were computed using the Cart3D package, a parallel Cartesian-
based Euler solver with adaptive mesh refinement.41–45 We report
CD on the front facec of a Viking aeroshell (half-angle of 70◦ as
shown in Fig. 8) at α = 0◦ over a Mach range of 1.1 to 10. Finally,
analytic estimates of CD were generated following the method of
Section IIA. Figure 9 compares the analytic CD values based on
the static pressure behind a normal shock (CD2,N ), static pressure

cCD for an individual component is calculated using CP values based on p∞, so reported CD on the front face component
is directly comparable with the analytical CD for the entire body due to the back face p∞ assumption.

7 of 28

8th International Planetary Probe Workshop, June 6-10, 2011, Portsmouth, Virginia



behind an oblique shock (CD2,O at nominal β of 75◦), and stagnation pressure behind a normal shock
(CDo2,N ) against the numerical and experimental data points.

Comparing the experimental and CFD data in Figure 9, higher experimental drag values are expected
due to the geometry of the test objects: the flat faces in the experiments will experience flatter bow shocks
than the conical capsule face solutions that were computed. At high Mach numbers, the numerical limiting
value compares closely with the analytic CD2,O curve as expected due to the high curvature of the bow shock.
Below M∞ = 6, the CFD data trends higher towards the analytic CD2,N curve, indicating the increase in
pressure behind the bow shock as the oblique sections of the bow shock straighten with decreasing M∞. At
lower Mach numbers, the numerical data exhibits higher comparative CD values as the stagnation region on
the capsule face increases in area. Analytic and numerical results were also compared at various γ values
and experienced a similar increase in drag coefficient with decreasing γ. Overall the analytic solutions match
the characteristics seen in the experimental and computational data, validating use of our analytical method
to study the drag potential of shock manipulation via SRP.

After determining the analytical CD values for various shock structures, we quantify the possible CD
augmentation due to SRP shock manipulation by comparing against a typical entry bow shock structure. In
the analyses which follow, a fraction of the the analytic CDo due to a normal shock structure is used as an
approximation of the bow shock drag. This approximation is based on modified-Newtonian theory,

CP = CP,max sin2 δ (13)

where CP,max = CPo2,N . To estimate the constant factor sin2 δ, we take CD based on the CFD solutions and
divide by the analytic CPo2,N . Figure 10 shows this factor to be fairly constant across a range of freestream
Mach numbers. Based on the value of the multiplicative factor at M∞ = 10, the remainder of this study
uses the following baseline analytic approximation for a bow shock:

CD,B = 0.851CDo2,N (14)

Note that the analytic CD,B values are slightly greater than the CFD bow shock values at lower Mach
numbers, meaning that drag augmentation values will be conservative in that Mach region.
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III. Results and Discussion

CD augmentation due to shock manipulation via SRP jets is approximated using an analytic method in
Section IIIA. By establishing specific entry trajectories in Section IIIB, we then determine corresponding
drag values for each shock structure. Finally, maximum vehicle mass and estimated payload mass benefits
are computed for SRP systems based on flow control for drag augmentation. Section IIIC establishes the
potential of this technology based on the the decelerative forces required for future high-mass Mars missions.

A. Drag Coefficient Augmentation

This section culminates in CD profiles as a function of Mach number and specific heat ratio for various
shock structures. IIIA.1 works through the basic shock structures for γ 1.4, presenting analytic results for
drag coefficient and the limiting (high-Mach) solutions. CD curves are then analyzed and compared. IIIA.2
extends the discussion to lower specific heat ratios, and an atmospheric entry γ model allows a comparison
of the effect of SRP shock structures on CD in a Mars entry scenario.

1. CD Trends for γ = 1.4

Before progressing to shock structure analysis, we note that the loss of stagnation pressure through shocks
severely reduces the maximum ceiling on recoverable pressure and thus maximum drag (Eqn. 8). It follows
that an isentropic (shock-free) deceleration of the flow to the surface would result in no stagnation pressure
loss, yielding the maximum pressure on the surface and thus the highest possible CD values. This maximum
drag value resulting from isentropic deceleration can be computed by substituting the isentropic pressure
ratio

Po,∞
P∞

=
(

1 +
γ − 1

2
M2
∞

) γ
γ−1

(15)

into Eqn. 11 and taking the limit as Mach number approaches infinity,

lim
M∞→∞

CD,max(isentropic) = lim
M∞→∞

CDo,∞ =
2
γ

(
γ + 1

2

) γ
γ−1
(
M∞

) 2
γ−1

=∞ (16)

For γ 1.4, this result scales as M5
∞: drag coefficient values as high as 30 are reached at Mach 5, and

staggering values on the order of 600 can be attained at Mach 10. The infinite limit represents a huge
reserve of stagnation pressure that we can convert to drag by reducing shock losses.

As discussed in Section IIB, the drag coefficient due to a bow shock structure typical in capsule entry
scenarios is approximated in this work as a fraction of the stagnation pressure behind a normal shock.
Utilizing the normal shock equations for post-shock Mach number and pressure ratios (Equations 36-38 in
Appendix B), the analytical maximum drag value behind a normal shock is given as a function of freestream
Mach number and γ:

CD,max(N) = CDo2,N =
Po2,N
P∞
− 1

1
2γM

2
∞

=
Po2,N
P2,N

P2,N
P∞
− 1

1
2γM

2
∞

=

(
1 + γ−1

2 M2
2

) γ
γ−1
(

1 + 2γ
γ+1 (M2

∞ − 1)
)
− 1

1
2γM

2
∞

(17)

where M2 is given in Equation 36. The upper bound CD value possible behind a normal shock occurs at
limiting Mach numbers and is calculated as

lim
M∞→∞

CD,max(N) =
4

γ + 1

(
(γ − 1)2

4γ
+ 1
) γ
γ−1

(18)

Similar calculations can be performed to provide drag coefficients based on static pressure rather than
stagnation pressure (Eq. 12):

CD2,N =
P2,N
P∞
− 1

1
2γM

2
∞

=
4

γ + 1
(M2
∞ − 1)
M2
∞

(19)

lim
M∞→∞

CD2,N =
4

γ + 1
(20)
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Now we analytically determine the maximum drag value behind an oblique shock cascade, with flow
decelerating first through an oblique shock (assuming β = 31◦) and then a normal shock, resulting in an
O-N cascade.

CD,max(O-N) = CDo3,O-N =
Po3,O-N
P∞

− 1
1
2γM

2
∞

=
Po3,O-N
P3,O-N

P3,O-N
P2,O

P2,O
P∞
− 1

1
2γM

2
∞

(21)

Utilizing the oblique shock relations (Eqns. 39-44 in Appendix B) and Equation 21, the upper bound on CD
values behind an O-N cascade (at the Mach limit) is

lim
M∞→∞

CD,max(O-N) =
4

γ + 1
sin2(β)

(
1 +

2γ
γ + 1

(
γ − 1
2γτ

− 1
))(

1 +
γ − 1

2

(
1 + γ−1

2 σ2

γσ2 − γ−1
2

)) γ
γ−1

(22)

where

σ =
(γ − 1

2γ

) 1
2 1

sin
(
β − tan−1

(
2 cot β sin2 β
γ+cos(2β)

)) (23)

and

τ = sin2

(
β − tan−1

(
2 cotβ sin2 β

γ + cos(2β)

))
(24)

Calculating CD based on static pressure results in

lim
M∞→∞

CD3,O-N =
4

γ + 1
sin2(β)

(
1 +

2γ
γ + 1

(
γ − 1
2γτ

− 1
))

(25)
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Figure 11. Analytical CD profiles as a function of freestream Mach number at γ 1.4 with solid lines representing
stagnation-based values and dotted lines representing static values.

For more complex cascade structures, we use a numerical script to analyze the trends and approximate
drag limits. Figure 11 shows CD profiles as a function of M∞ for a normal shock and oblique-normal shock
cascades (β = 31◦), with both stagnation (solid) and static (dotted) curves clearly reaching limiting values.
In addition, the baseline CD,B curve is denoted with a dashed black line for comparison, and the ultimate
isentropic limit is denoted with a dotted black line.

Examining Figure 11 which shows drag coefficient values (logarithmic) as a function of Mach number at
γ 1.4, we can make several observations. First, CD values increase but level off with increasing freestream
Mach number as the shocks get stronger. This is promising for SRP because higher drag coefficients will
be attainable during the high-Mach portion of entry for much needed deceleration. Second, the addition of
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additional oblique shocks to the shock structure results in
higher CD values at each Mach number. Although normal
shocks produce higher static pressures than oblique shocks,
this comes at the price of severe stagnation pressure deple-
tion (compare red and black solid vs. dotted lines in Fig. 12).
Deceleration through a shock cascade (O-N) results in a weaker
normal shock, allowing higher overall stagnation and thus max-
imum pressure values (green lines), and generating higher drag
coefficients. Finally, we note the more complex cascades in Fig-
ure 11 experience diminished returns, implying that the major-
ity of benefit in CD can be accrued through a simple O-N or
O-O-N cascade.

In order to quantify the potential benefits of shock ma-
nipulation for drag augmentation, we compare analytical CDo
values for several shock structures against the baseline CD,B ,
which is used as an approximation of the drag due to a bow
shock (Eqn. 14). Maximum CD augmentation for each shock structure is calculated using Eqn. 3 where

CD,ref = CD,B (26)

A “blended” shock structure is also included in the results as a modest realizable case based on the flow
physics of Fig. 4, and assumes that the pressure face of the vehicle experiences flow having passed through
a normal shock, O-N cascade, and O-O-N cascade in equal parts such that

CDo,blend =
1
3

(
CDo2,N + CDo3,O-N + CDo4,O-O-N

)
(27)

Results are fully tabulated in Appendix C and summarized here in Table 1. The benefits at low Mach
numbers are insubstantial for all shock structures, with a maximum possible augmentation from isentropic
deceleration of less than 100% at M∞ = 2, and corresponding values of around 20% augmentation for the
small cascades. At higher Mach numbers, the CD augmentation potential is significant - by creating an
O-O-N shock structure, CD values can be augmented more then 750% at M∞ = 10, reaching values above
10, and the blended shock case experiences augmentation values close to 400%.

Table 1. Representative maximum CD and corresponding CDaug values at
γ 1.4 and 1.2. Full results listed in Table 6.

γ CD and CDaug M∞ = 2 M∞ = 5 M∞ = 10 M∞ =∞
1.4 CDo,B 1.41 1.54 1.56 1.57

CDo1 2.44 30.18 606.26 ∞
CDo4,O-O-N 1.73 7.70 13.52 17.37
CDo,blend 1.70 4.81 7.49 9.20

CDaug,O-O-N 23% 400% 768% 1010%
CDaug,blend 21% 212% 380% 488%

1.2 CDo,B 1.45 1.60 1.62 1.63
CDo1 2.72 122.48 29526.00 ∞

CDo4,O-O-N 1.80 13.19 34.20 56.13
CDo,blend 1.76 7.17 15.87 24.59

CDaug,O-O-N 24% 726% 2013% 3352%
CDaug,blend 21% 349% 880% 1412%

2. Effect of γ

From the analysis in the previous section (Eqns. 17 and 21 specifically), it’s obvious that the maximum drag
coefficients for each shock structure are dependent on the specific heat ratio, γ. Figure 13 shows this effect
for γ = {1.2− 1.4} behind various shock cascades as compared to the baseline bow shock structure.
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The maximum drag coefficient for each shock structure type is shown to be heavily dependent on γ,
especially for more complex cascade structures and at higher freestream Mach number. In all cases, lower γ
values lead to higher CD values, increasing the potential payoff at high Mach numbers where real-gas effects
are more prominent. For example, for an O-O-N structure at Mach 10, CDaug is 768% for γ of 1.4, and
2013% for γ of 1.2, an increase of more than 2.5 times (Table 1). Appendix C gives results for each shock
structure at γ values of 1.2, 1.3, and 1.4.

Having quantified the importance of specific heat ratio in the CD calculations, we now examine the CD
trends in a sample atmospheric entry with changing γ. As an estimate, we use a constant “effective gamma”,
γeff , allowing the use of the simple closed-form results derived above.46 In the results which follow, we use
the following γeff values for a Mars entry trajectory, as justified in Appendix D:{

γeff = 1.3 if M∞ ≤ 5
γeff = 1.2 if M∞ > 5

(28)

Figure 14 depicts the downward shift in drag coefficient due to the change of γ over the trajectory as the
vehicle passes through Mach 5. The actual change in γ would be less immediate than this shift at M∞ = 5,
resulting in a smooth CD transition, but this plot throws into sharp relief the notion that the variation of γ
over the trajectory serves to further increase the effectiveness of any SRP shock manipulation tactics early
in the trajectory (at higher M∞).
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Figure 13. Maximum analytical CD values at γ 1.2,
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cient (black). The color scheme for cascading shocks
duplicates that in Fig. 11.
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to the baseline drag coefficient (black) using γeff for a
sample atmospheric entry at Mars (Eqn. 28). The color
scheme for cascading shocks duplicates that in Fig. 11.

B. Drag and Mass Benefits

From the analytical drag coefficient models in the preceding section, we can now estimate corresponding
drag and mass limits for SRP-based EDL systems. As conveyed in Figure 11, the drag coefficients achieved
based on SRP shock manipulation are dependent on freestream Mach number, M∞. In addition, the drag
force decelerating the entry vehicle

D = CDq∞Sref (29)

is a function of freestream dynamic pressure, q∞. Dependencies of M∞ and q∞ on altitude and velocity
are shown in Figure 15, highlighting the fact that information about the specific trajectory (altitude versus
velocity) is required in order to calculate drag values and resulting feasible vehicle mass values.

Trajectories are calculated using the 3-DOF trajectory code described in Appendix A. In order to compare
against a successful Mars mission, we utilize the Mars Pathfinder (MPF) initial conditions found in Table 5
(Appendix A) and all assumptions found in the accompanying description, including an aeroshell diameter
of 2.65m and a constant vehicle mass over the trajectory. For the following analyses, however, CD is no
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longer assumed constant; CD is now allowed to vary along the trajectory as the freestream Mach number
changes, with values based on the analytic results for each shock structure and γ from Section IIIA.

For these simulations, we assume an entry and descent system consisting of SRP followed by use of a
supersonic parachute. Thus, the SRP trajectory termination criteria is based on the deployment constraints
of a DGB parachute. This viable-deployment region is bounded by freestream Mach values of 2.1 and 1.1,
dynamic pressure limits of 250Pa and 1200Pa, and a 5km minimum altitude to allow for a typical descent
timeline to the ground.2 For each case, the mass limit is the maximum total vehicle mass which results in
a trajectory capable of passing through this regiond (shaded in Figure 15). To gain a better understand-
ing of the drag trends resulting from the CD augmentation provided through SRP shock manipulation,
Section IIIB.1 first examines results from a specific shock structure: O-O-N at γ 1.2. Section IIIB.2 then
compares data resulting from the entire range of shock structures and γ conditions.

1. Drag Trends Resulting from Prescribed CD Profiles

To detail the trends in drag, trajectories, and feasible mass, three CD curves (γ = 1.2) are chosen for
comparison: the oblique-oblique-normal shock cascadee (CDo4,O-O-N ), the analytic baseline approximation
of a bow shock (CD,B), and a constant-CD case based on the Mars Pathfinder (MPF) drag coefficientf. These
CD trends, discussed in Section IIIA, are illustrated in Figures 16(a-c) as CD contours in altitude-velocity
space overlaid with the maximum mass trajectories for each case plotted in white. Figure 16a portrays the
MPF case with a constant CD of 1.7025. The slightly varying CD of the baseline case is shown in Figure 16b,
exhibiting comparatively lower CD values across the space. Finally, Figure 16c illustrates the shock cascade
case (note the extended colormap ranging to values in excess of 50) exhibiting a variation with Mach number
consistent with the CD trends of Figure 13 and Mach contour lines of Figure 15. Actual CD values over the
trajectory for each case can be compared in the logarithmic Figure 17d, emphasizing the difference in CD
magnitudes especially at mid- to high altitudes.

Drag trends in altitude-velocity space are illustrated as contours in Figure 16(d-f) and are related to
the CD contours by Eqn. 29. Note the logarithmic contour scale ranging over 11 orders of magnitude.
Concentrating first on the constant-CD MPF case (Fig. 16d), the contour pattern is directly related to the
q∞ contours of Figure 15, exhibiting highest values in the high-q∞ regions of the space (high speed, low
altitude). The varying CD cases exhibit similar drag map characteristics; however, for the shock cascade

dDue to the γ dependency when calculating M∞ from the given atmospheric pressure and density, the Mach limits of the
termination region will be slightly different based on the γ for each case.

eRepresentative of the SRP jet physics shown in Figure 4.
fRun with the same trajectory propagation method as the other cases so that it would be subject to the same constraints;

the actual Mars Pathfinder mission resulted in a trajectory passing through the middle of the termination region, while the
maximum mass requirement of the cases run here allows the trajectory to pass through the edge of this envelope.
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case, these drag values extend into the high altitude-low speed regions of the space (Fig. 16f), manifested
as a “red shift” of the drag map upwards and to the left. All three cases experience similar drag values at
the very lowest speeds since the drag coefficients in that range are comparable. Note the drag values on the
order of 106N based on the CD profile of this sample shock cascade, achievable through SRP-based shock
manipulation.

The trajectories of each case overlay the contours of Figure 16 and can be related through the equations
of motion; for constant mass, increasing drag leads to stronger vehicle deceleration. Figure 17 compares
trajectory-specific characteristics for each case as a function of altitude. Comparing the trajectories of the
three cases (Fig. 17a), the shock cascade case exhibits the majority of its deceleration much higher in the
atmosphere (∼ 50km) due to the order of magnitude higher drag values in that region as compared to
the baseline and constant-CD MPF cases which reach a much lower altitude (∼ 30km) before experiencing
enough drag for substantial deceleration. This disparity results in freestream Mach numbers of 5 being
reached at approximately 30km altitude for the shock cascade case while the baseline case reached Mach 5
at only 10km (Fig. 17b). Of note is the almost linear change in velocity as the low-CD cases drop through
the atmosphere towards the termination region, whereas the shock cascade case experiences a rapid altitude
loss at almost constant speed at the end of its trajectory. This is due to the choice of termination criteria in a
region of both low q∞ and low M∞, resulting in a low CD and drastically lower drag values. Figures 17(c,e)
reveal the dynamic pressure variation over the trajectories and the subsequent drag development. CD and
drag augmentation are plotted in Figures 17(f,g) and indicate a 3000% drag increase over the baseline and
MPF cases at high-altitudes due to shock manipulation via SRP.

Before examining payload mass benefits, recollect that the trajectories we considered here represent the
maximum total vehicle mass (constant along the entire trajectory) capable of ending in the termination region
for each case. Listed in Table 2, we see that the shock cascade case is capable of decelerating a 2.7 times
larger mass than the baseline and constant-CD cases. To gain an understanding of feasible payload mass
fractions, we use a simple assumption that the infrastructure mass (defined here as the difference between
total mass and payload mass) of each case is the same, since the aeroshell diameter is constant and the same
DGB parachute can be utilized since each case reaches the deployment region. For this quick estimation, we
don’t consider the varying mass of propellant needed for supersonic or subsonic retropropulsion. With these
assumptions, we can use a constant infrastructure mass of 493kg (based on the Mars Pathfnder mission) to
determine feasible payload masses and the resulting payload mass fractions (PMF), calculated in Table 2.
The shock cascade case enables a payload mass fraction of 76%, almost doubling the maximum PMF of the
MPF-based constant-CD case and resulting in almost 5 times the payload mass.

Table 2. Maximum mass and PMF estimates associated with Figs. 16 and 17.

case total mass total mass
baseline mass payload mass PMF payload mass

baseline payload mass

MPF 585kg 92kg 15.7%

baseline: CD,B 787kg 1.00 294kg 37.4% 1.00
MPF: constant CD 852kg 1.08 359kg 42.1% 1.22

cascade: CDo4,O-O-N 2120kg 2.69 1627kg 76.7% 5.53
delayed SRP (15km) 2390kg 3.04 1897kg 79.4% 6.45

Further, if we reconsider Figure 17c we note that the shock cascade case, although resulting in the highest
drag values, did so while experiencing very low dynamic pressure values as compared to the contrasting low-
CD cases which penetrated more deeply into the atmosphere before decelerating. This suggests a prospective
new strategy - if SRP activation is delayed until the vehicle is deeper in the atmosphere, we can exploit even
more of the drag potential thanks to the increase in dynamic pressure.

A single example demonstrating this strategy was performed with the vehicle entering with the baseline
CD profile (Fig. 16b) and a simulated SRP start up (switch to shock cascade CD contours of Fig. 16c)
at 15km altitude. Figure 18a illustrates the resulting trajectory and drag contours as compared to the
cases with SRP-on (simulated here with CDo4,O-O-N ) from atmospheric entry and the baseline CD,B case.
Drag coefficient, q∞, and drag are shown in Figures 18(b-d), demonstrating the high dynamic pressure values
achieved at SRP initiation (almost two orders of magnitude larger than the SRP-on case) and the subsequent
drag values on the order of 107N now available. For this sample case, this strategy allows a vehicle mass of
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Figure 18. (a) Drag contours resulting from delayed SRP activation (at 15km) for the O-O-N shock cascade
case at γ 1.2. The resulting max-mass (2390kg) trajectory (black) is compared with the baseline and shock
cascade max-mass trajectories (white), which decelerate at higher altitudes and experiencing less drag force.
Additional comparison against baseline and shock cascade trajectories with a vehicle mass of 2390kg (too
massive to reach termination region) are shown in gray. (b)-(d) Trajectory-specific results as a function of
altitude highlighting the the significantly higher q∞ and drag values due to delayed activation.

2390kg and a PMF of almost 80%, allowing a payload mass more than 6 times larger than the baseline case
and allowing 270kg more payload than the SRP case without delayed start up (Table 2). The strategy of
delaying SRP activation will be fully explored in future work.

2. Shock Structure and γ Variation

Having determined basic trends and characteristics in the previous section, Table 3 presents maximum
possible vehicle masses and estimated payload masses from trajectory computations based on each analytical
CD profile in Section IIIA. Applied CD profiles include a constant CD case based on the MPF value of 1.7025,
the analytical baseline value representing a typical entry bow shock, analytical values ranging from a single
cascade structure (O-N) to the more complex O-O-O-N cascade, and the blended cascade case assuming that
the vehicle front face is affected in equal parts by flow having passed through N, O-N, and O-O-N shock
structures. All 7 cases were run for γ values of 1.2, 1.3, and a sample Mars entry scenario with a 1.2 to 1.3
γ transition at Mach 5 as discussed in Section IIIA.2. Note that the individual curves in the plots of this
section are based on different vehicle masses (the maximum mass for each case).

Figure 19 illustrates the effect of varying shock structures for γ 1.2. The trajectories based on CD2,B

and constant (MPF) CD are extremely similar and result in payload mass fractions on the order of 40%.
Addition of an oblique shock significantly augments the drag coefficient and the drag, allowing the PMF
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to increase above 70%. Increasing the number of oblique shocks in the cascade does result in further PMF
increases, but the benefit diminishes with each additional cascade shock. As discussed in Section IIIB.1, this
is due to the dwindling dynamic pressure values as the vehicle deceleration occurs at higher altitudes.

The influence of γ is demonstrated in Figure 20, with γ values of 1.2 and 1.3 compared for the baseline, O-
O-O-N, and blended cascade cases. As discussed in Section IIIA.2, lower γ values result in higher analytical
CD values at all freestream Mach numbersg. Interestingly, this results in higher drag at high altitude, and
thus γ 1.2 cases experience deceleration at the highest altitude, bleeding all q∞ and reducing the overall
vehicle mass benefits. This is highlighted in Figures 20(b-d) when comparing the two O-O-O-N (blue) curves:
the γ 1.3 curve (dotted) experiences lower CD but higher q∞, thus the drag is comparable to the γ 1.2 case
but at a slightly lower altitude. Ultimately, the γ 1.3 O-O-O-N case results in a higher possible vehicle mass
as well, along with a payload mass fraction approaching 80%, due to the γ 1.2 case experiencing extremely
low q∞ and drag as it approaches the termination region from high altitudes. This trend was also seen in
the O-O-N and blend cascade cases. With the delayed SRP activation strategy described in the previous
section, the high-CD potential evident in the low γ cases can be fully exploited, and these cases can result
in higher mass values.

Finally, Figure 21 shows an example case (O-O-O-N) for a model Mars entry with a γ switch from 1.2
to 1.3 at Mach 5 (Section IIIA.2). As expected, this model Mars case follows the γ 1.2 curve until Mach 5
is reached, at which point the CD and thus drag and deceleration decreasesh. This γ switch results in the
lowest vehicle mass as compared to the γ 1.2 and 1.3 cases as a consequence of experiencing both diminished
q∞ due to high-altitude deceleration (γ 1.2) and low drag coefficients at low altitudes (γ 1.3).
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Figure 19. Trajectory-specific results as a function of altitude for each shock case, compared to the CD,B case.

gNote that Figure 20b shows CD as a function of altitude and not Mach number.
hEntry into the true Martian atmosphere would result in a smoother γ transition.
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Figure 20. γ comparisons for the baseline, blend, and O-O-O-N cases.

0 20 40 60 80 100
Drag, kN

80
CD
40200 600.4 0.5 0.6 0.80.7 0.9 1.0 1.1 1.2

speed, km/s

dynamic pressure, kPa
1.81.61.41.21.00.80.60.40.2

(a) (b)

(c) (d)

al
tit

ud
e,

 k
m

45

40

35

30

25

20

15

10

5

0

al
tit

ud
e,

 k
m

45

40

35

30

25

20

15

10

5

0

al
tit

ud
e,

 k
m

45

40

35

30

25

20

15

10

5

0

al
tit

ud
e,

 k
m

45

40

35

30

25

20

15

10

5

0

  ϒ 1.2
   ϒ 1.3
   ϒ Mars

Figure 21. γ comparisons (O-O-O-N case), illustrating effects of the model Mars entry γeff switch at Mach 5.
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Table 3. Maximum mass and PMF estimates for each shock structure at various γ.

γ case total mass total m
baseline m payload mass payload m

baseline payload m PMF

MPF 585kg 92kg 15.7%

1.2 baseline: CD,B 787kg 1.00 294kg 1.00 37.4%
1.2 MPF: constant CD 852kg 1.08 359kg 1.22 42.1%
1.2 cascade: CDo2,N 925kg 1.18 432kg 1.47 46.7%
1.2 cascade: CDo3,O-N 1885kg 2.40 1392kg 4.73 73.8%
1.2 cascade: CDo4,O-O-N 2120kg 2.69 1627kg 5.53 76.7%
1.2 cascade: CDo5,O-O-O-N 2138kg 2.72 1645kg 5.60 76.9%
1.2 cascade: CDo,blend 1801kg 2.29 1308kg 4.45 72.6%

1.3 baseline: CD,B 797kg 1.00 304kg 1.00 38.1%
1.3 MPF: constant CD 879kg 1.10 386kg 1.27 43.9%
1.3 cascade: CDo2,N 937kg 1.18 444kg 1.46 47.4%
1.3 cascade: CDo3,O-N 1884kg 2.36 1391kg 4.58 73.8%
1.3 cascade: CDo4,O-O-N 2180kg 2.74 1687kg 5.55 77.4%
1.3 cascade: CDo5,O-O-O-N 2228kg 2.80 1735kg 5.71 77.9%
1.3 cascade: CDo,blend 1813kg 2.27 1320kg 4.34 72.8%

Mars baseline: CD,B 804kg 1.00 311kg 1.00 38.7%
Mars MPF: constant CD 877kg 1.09 384kg 1.23 43.8%
Mars cascade: CDo2,N 945kg 1.18 452kg 1.45 47.8%
Mars cascade: CDo3,O-N 1891kg 2.35 1398kg 4.50 73.9%
Mars cascade: CDo4,O-O-N 2087kg 2.60 1594kg 5.13 76.4%
Mars cascade: CDo5,O-O-O-N 2079kg 2.59 1586kg 5.10 76.3%
Mars cascade: CDo,blend 1786kg 2.22 1293kg 4.16 72.4%

C. Drag Potential

Recent SRP research has focused on increasing thrust levels to meet the deceleration requirements of up-
coming large-payload Mars missions. Our study takes an alternative approach, emphasizing the potential of
aerodynamic drag on the entry body. Cascading shock structures generated via modest SRP jets enable the
recovery of high pressures on the capsule face, resulting in substantially augmented CD values as discussed
in Section IIIA. When magnified by q∞, these CD values translate into an immense drag potential as exem-
plified by Figure 16f. The proposed strategy of delayed SRP activation (Sec. IIIB.1) offers just one method
of exploiting this untapped reservoir of potential drag. We now quantify the maximum drag potential of
various shock structures to determine the feasibility of SRP-based drag augmentation as a competitive EDL
technology.

Drag potential, the absolute upper limit on achievable drag in a given altitude-velocity space, is estimated
based on a max-q∞i value and the maximum CD valuej associated with each shock structure. Figure 22
displays these drag/Sref valuesk as a function of achieved percentage of the potential drag value, revealing
the benefits of this drag augmentation method even for sub-optimal trajectories subject to constraints.

In comparison with the analytical maximum drag/SMPF value of the (SRP-off) Mars Pathfinder trajec-
tory, 2.7x104N/m2 (dotted black line), a simple O-N shock structure with delayed SRP activation has the
potential to reach drag values of 3.7x106N/m2, and more substantial cascades such as O-O-O-N are capable
of achieving drag values of 2.8x107N/m2, more than a 3-order of magnitude increase representing a huge
decelerative capacity. Note that the solid lines in the figure represent the most extreme SRP activation
delay, so the MPF-based CD value (cyan line) based on this activation strategy gains an order of magnitude
in drag potential as compared to the established MPF trajectory. However, shock manipulation leading to

iEvaluated using a minimum altitude requirement of 5km and maximum velocity of 7500m/s based on the trajectory study
of Section IIIB.

jFrom the limiting CD value at γ 1.2 as reported in Table 6.
kIndependent of entry vehicle sizing (Sref ).
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shock cascades still provides drag benefits on the order of 10 to 100 times increase.
For example, Figure 23 superimposes the O-O-N drag map of Figure 16f with contour lines showing the

achieved percentage of the maximum potential drag for that shock structure. The maximum mass trajectory
for the analytical O-O-N case (solid white line), which achieved a payload mass increase of more than 5.5
times over the baseline value, reaches less than 1% of the potential drag value. This small but significant
drag augmentation as compared to the SRP-off case (Fig. 22) is consistent with the drag differences observed
in Figure 18d. Delaying SRP activation until 15km altitude (dashed white line in Fig. 23) produces drag on
the order of more than 10% of the maximum possible drag value, a significant drag augmentation over the
SRP-off case as compared in Figures 22 and 18d, illustrating the potential of this strategy for tapping into
the drag reservoir produced through shock manipulation.

Finally, as compared to recent system-level SRP studies4,34,48 expressing an upper bound on available
SRP thrust forcel of the order Tmax/Sref ≈ 1.3x105N/m2, even conservative SRP-based drag estimates
provide an order of magnitude force augmentation, establishing the potential of this concept for Mars EDL
systems.
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Figure 22. Drag per reference area as a function of achieved % of maximum drag for each shock structure
(100% is the potential drag value). The dotted black line represents the maximum drag value attained over
the analytical (SRP-off) Mars Pathfinder trajectory.
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Figure 23. O-O-N drag map (γ 1.2) superimposed with black contour lines showing achieved % of potential
drag for that shock structure. Overlays of the maximum mass trajectories for O-O-N (SRP-on over entire
trajectory) and delayed activation O-O-N are also portrayed. Note the drag map does not apply to the delayed
activation trajectory at altitudes higher than 15km.

lBased on maximum thrust values of 106N and a 10m diameter vehicle (conservative baed on the ranges given in Refs. 34
and 48).
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IV. Conclusion

The use of high-thrust supersonic retropropulsion systems has been proposed as a candidate enabling
technology for future high-mass Mars missions. Rather than rely solely on this paradigm of thrust escalation,
the current study examined the potential for aerodynamic drag augmentation via modestly powered SRP
systems, offering the potential for significant deceleration without the burden of increased fuel mass. Rooted
in the idea that stagnation pressure represents an available reservoir of potential drag, we studied the benefit
of shock manipulation via SRP jets to exploit the high energies inherent in entry scenarios.

An analytical study was performed to quantify the maximum drag coefficients attainable based on various
shock structures, demonstrating the ability to generate CD values on the order of 50 for simple cascades. A
trajectory propagation method enabled calculation of drag and maximum landed mass for each CD profile,
revealing tremendous increases in aerodynamic drag starting at approximately 60km above the surface.
The significant drag augmentation observed in some cases allowed for estimated payload mass fractions
approaching 78%. In addition, examining the effect of specific heat ratio (γ) illustrated the heavy dependence
of CD on γ, with the low γ values typical in Mars entry scenarios further increasing CD levels. Finally, we
identified a strategy of delayed SRP activation in order to wield substantially higher q∞, resulting in potential
drag values (per reference area) on the order of 107N/m2, an orders of magnitude increase over typical entry
values. The drag potential achievable through SRP-based flow control demonstrates the capability of this
nascent concept to satisfy the decelerative needs of high-mass Mars entry scenarios.

With the maximum drag limits for a range of shock structures identified, detailed SRP simulations are
planned to establish attainable CD values through manipulation of the bow shock system with relatively
low thrust SRP jets. In addition, follow-on trajectory studies exploiting the optimal drag potential subject
to heating and acceleration constraints will result in subsequent estimates of realizable drag and achievable
payload mass for flow-control SRP systems.
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Appendix A: Trajectory Propagation Method and Validation

In order to establish the possible landed mass benefits of the projected CD augmentation, the en-
try vehicle’s trajectory must be determined since the decelerating drag force is a function of both al-
titude and velocity: D = F(q∞) = F(ρ∞, V∞). In the coming sections, we utilize a 3-DOF trajec-
tory modelm consisting of three kinematic equations of motion (Eqns. 30-32) and three force equations
(Eqns. 33-35) as derived in Ref. 49 to propagate a set of vehicle entry conditions to the ground using a

       computed trajectory
       MPF trajectory

speed, km/s

al
tit

ud
e,

 k
m

Figure 24. Comparison of computed trajectory to
actual Mars Pathfinder trajectory from Ref. 50.

4th-order Runge-Kutta integration methodn. The tabu-
lated atmospheric model, used in previous systems-level
SRP studies35,36 is based on the reconstructed Mars
Pathfinder entry data of Ref. 47. Planetary constants
are given in Table 4, and the gravity model is simply
g = µ

r2Mars
. Force tangential to the velocity is Ft = −D,

and, assuming no lift, the force normal to the velocity is
Fn = L = 0.

dr

dt
= V sin Γ (30)

dζ

dt
=

V cos Γ cosψ
r cosφ

(31)

dφ

dt
=

V cos Γ sinψ
r

(32)

dV

dt
=

Ft
m
− g sin Γ + rω2 cosφ(sin Γ cosφ− cos Γ sinφ sinψ) (33)

V
dΓ
dt

=
Fn cos ε
m

− g cos Γ +
V 2 cos Γ

r
+ 2ωV cosφcosψ + rω2 cosφ(cos Γ cosφ+ sin Γ sinφ sinψ) (34)

V
dψ

dt
=

Fn sin ε
m cos Γ

− V 2 cos Γ cosψ tanφ
r

+ 2ωV (tan Γ cosφ sinψ − sinφ)− rω2 sinφ cosφ cosψ
cos Γ

(35)

Table 4. Mars planetary constants.

planetary angular rotation rate ω 7.0882x10−5rad/s

planetary radius rMars 3389.5x103m

standard gravitational parameter µ 4.28284x1013m3/s2

Validation of the 3-DOF trajectory code was performed against the Mars Pathfinder mission trajectory.
Table 5 gives the initial conditions used in the propagation code, and Figure 24 shows the resulting trajectory
comparison. For this validation case, CD was assumed constant at 1.7025 (from a ballistic coefficient of 62.3),
mass was assumed constant at 585kg, and reference area was based on MPF’s circular aeroshell (diameter
of 2.65m).

Table 5. Initial conditions for trajectory study (Ref. 52).

distance from planet center r 120000m+ rMars

longitude ζ 337.9976◦

latitude φ 22.6303◦

velocity relative to planet V 7500m/s
flight path angle Γ −14.06◦

heading angle ψ 196.8519◦

mAssuming motion of a point mass around a spherical, rotating planet.
node45() in MATLAB implementing the RK5(4) Dormand-Prince formula.51
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Appendix B: Shock Equations

The normal and oblique shock equations53 used to derive Equations 17-25 are listed here for quick
reference.

A. Normal Shock Equations

M2
2 =

1 + γ−1
2 M2

1

γM2
1 −

γ−1
2

(36)

P2

P1
= 1 +

2γ
γ + 1

(M2
1 − 1) (37)

Po2
Po1

=
Po2
P2

P2

P1

P1

Po1
(38)

B. Oblique Shock Equations

M2 =
Mn2

sin(β − θ)
(39)

P2

P1
= 1 +

2γ
γ + 1

(M2
n1 − 1) (40)

Po2
Po1

=
Po2
P2

P2

P1

P1

Po1
(41)

where
Mn1 = M1 sinβ (42)

M2
n2 =

1 + γ−1
2 M2

n1

γM2
n1 −

γ−1
2

(43)

tan θ = 2 cotβ
M2
n1 − 1

2 +M2
1

(
γ + cos(2β)

) (44)
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Appendix C: Tabulated CD and CDaug Results

Table 6. Maximum CD and corresponding CDaug values at γ 1.4, 1.3, and
1.2.

γ CD and CDaug M∞ = 2 M∞ = 5 M∞ = 10 M∞ =∞
1.4 CDo,B 1.41 1.54 1.56 1.57

CDo1 2.44 30.18 606.26 ∞
CDo2,N 1.66 1.81 1.83 1.84
CDo3,O-N 1.72 4.91 7.11 8.40
CDo4,O-O-N 1.73 7.70 13.52 17.37
CDo5,O-O-O-N 1.73 9.11 17.63 23.67
CDo,blend 1.70 4.81 7.49 9.20

CDaug,isentropic 73% 1860% 38793% ∞
CDaug,N 18% 18% 18% 18%
CDaug,O-N 22% 219% 356% 436%
CDaug,O-O-N 23% 400% 768% 1010%
CDaug,O-O-O-N 23% 492% 1031% 1412%
CDaug,blend 21% 212% 380% 488%

1.3 CDo,B 1.43 1.57 1.59 1.59
CDo1 2.56 52.60 2540.61 ∞
CDo2,N 1.68 1.84 1.87 1.87
CDo3,O-N 1.74 5.55 8.72 10.84
CDo4,O-O-N 1.76 9.73 19.84 27.76
CDo5,O-O-O-N 1.77 12.50 29.66 44.52
CDo,blend 1.73 5.71 10.14 13.49

CDaug,isentropic 79% 3257% 159958% ∞
CDaug,N 18% 18% 18% 18%
CDaug,O-N 22% 254% 449% 580%
CDaug,O-O-N 23% 521% 1150% 1641%
CDaug,O-O-O-N 23% 698% 1768% 2693%
CDaug,blend 21% 264% 539% 746%

1.2 CDo,B 1.45 1.60 1.62 1.63
CDo1 2.72 122.48 29526.00 ∞
CDo2,N 1.71 1.88 1.90 1.91
CDo3,O-N 1.77 6.44 11.50 15.72
CDo4,O-O-N 1.80 13.19 34.20 56.13
CDo5,O-O-O-N 1.80 19.30 64.31 119.39
CDo,blend 1.76 7.17 15.87 24.59

CDaug,isentropic 87% 7570% 1823731% ∞
CDaug,N 18% 18% 18% 18%
CDaug,O-N 22% 303% 610% 867%
CDaug,O-O-N 24% 726% 2013% 3352%
CDaug,O-O-O-N 24% 1109% 3872% 7241%
CDaug,blend 21% 349% 880% 1412%
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Appendix D: γeff for Mars

γ, the ratio of specific heats at constant pressure and volume
(
CP
CV

)
, is constant for calorically perfect

gases. At high gas temperatures however, the vibrational energy of the gas molecules becomes excited and
the specific heats become functions of temperature.54 Furthermore, at even higher temperatures chemical
reactions (dissociation and ionization) are introduced and the specific heats become functions of both tem-
perature and pressure.54 Hypersonic flows generally experience these high-temperature effects due to the
temperature jumps through shock waves. Thus, complex equilibrium or nonequilibrium codes are necessary
to accurately calculate flow characteristics such as γ for high-M∞ flows.

For simple analysis purposes, however, a constant “effective” γ can be used as an approximation.46 To
determine an effective γ for a simplified hypersonic Mars entry scenario, we used Sutton’s Shock Mars9703
code.55 Given freestream conditions, the code calculates normal shock properties for equilibrium chemistry
for a gas made up of 97% CO2 and 3% N2 by mass. With the actual density ratio across the shock now
known, γeff is approximated as the γ which would produce this density ratio across a normal shock (the
normal shock effective gamma). Solving the normal shock equation

ρ2

ρ1
=

(γ + 1)M2
1

2 + (γ − 1)M2
1

(45)

for γ gives

γeff =
ρ2
ρ1

+ 1
ρ2
ρ1
− 1
−

2ρ2ρ1(
ρ2
ρ1
− 1
)
M2

1

(46)

Results are summarized for various altitudes and freestream velocities in Table 7. From this data, it was
determined that the typical Mars γ approximation of 1.3 (assuming a calorically perfect gas) breaks down
above Mach 5, and that at these hypersonic freestream Mach numbers an effective γ approximation of 1.2 is
adequate.

Table 7. γeff at various conditions.

alt (km) vel (km/s) M∞ γeff

25
2.0 8.9 1.18
1.0 4.5 1.24
0.5 2.2 1.29

10
2.0 8.3 1.18
1.0 4.2 1.23
0.5 2.1 1.27
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